The aim of this study is to evaluate and compare root canal transportation, centering ability, and amount of dentin removed after root instrumentation with different rotary and reciprocating systems, using micro-computed tomography (micro-CT). Materials and methods: Forty curved mesial canals of lower molars were selected and divided into four experimental groups (n = 10) according to the system used: protaper next (PTN), wave one gold (WOG), prodesign logic (LOG), and vortex blue (VTX). The roots were scanned before and after instrumentation using micro-CT, with a 16 μm isotropic resolution. Results: Data were statistically analyzed using the Bioestat and the significance level was set at 0.05. For canal transportation, no significant differences were verified between the groups at 6 mm or 9 mm from the apex. At the apical third, LOG had a smaller mesial deviation when compared with PTN. A significant difference was found at the apical and coronal thirds, though with LOG having the best centering ability at the apical third and the worst one at the coronal third. All systems caused a greater wear at the coronal third (9 mm), decreasing at the apical one (3 mm), with statistically significant differences. LOG removed less dentin from the apical third (3 mm) than did the other instruments. Conclusion: The systems evaluated presented different results for canal transportation, centering ability, and dentin removal at each third. Clinical significance: The systems were evaluated together to evaluate neither the marked dental deviations nor the long-term signifiers of the databases and they were evaluated within the limits of normality. Therefore, they can be used without risks of embrittlement of the dental roots.
IntroductIon
The development of rotary instruments has led to the eventual improvement of root canal mechanical preparation 1 and an increasing number of rotary instruments have been launched on the market, differing from each other in the design of the cutting blades and in the configurations of file tip and handle. Nowadays, endodontic files are made of superplastic nickel-titanium (Ni-Ti) alloys, whose thermomechanical processing includes the martensitic phase, which remains stable under clinical conditions. 2 These alloys increase the flexibility and resistance of instruments to cyclic fatigue, with consequent conical root canal preparations and reduction of failure, when compared to conventional Ni-Ti alloys. 3 The literature reports that Ni-Ti files, besides allowing for conical root canal preparation, lead to a more centered shape with minimal deviations from the root canal central axis. 4 However, when the instrument is subjected to stress within the canal, reciprocations interrupted and undue stresses are generated in the dentin during instrumentation. 5 , 6 Especially, in curved canals, cleaning and instrumentation pose a challenge when such systems are used, because it is difficult to maintain the long axis centered, increasing the risks of deviations, excessive wear of canal walls, punching, formation of steps, and fracture. 7 In these cases, the process of cutting the dental tissue is controversial, since both friction and stress may increase, 8 leading to canal transportation and resulting in poorly cleaned and/or over instrumented root canals with loss of fracture resistance. 9 Some techniques have been proposed to evaluate root canal shaping after instrumentation, with a special focus on micro-CT 10 , 11 because of its nondestructive nature and its ability to analyze highresolution samples. 12 Thus, the aim of this study is to use micro-CT to evaluate and compare apical transportation, centering ability, and amount of dentin removal after root instrumentation with different rotary and reciprocating systems. The null hypothesis was that there would be no difference between the systems regarding the analyzed variables. molars, with independent canals and foramina and with similar length, diameter, and degree of curvature (20°-40°) were selected. Based on a pilot study with 16 canals carried out with G*Power software (v. 3.1.9.2, Kiel, Germany), the total sample was composed of 40 canals. The selection was made by radiographic examination (mesiodistal and buccolingual measurements) and inspection under 40× stereomicroscopic magnification (Nikon, Tokyo, Japan). Teeth with defective roots, cracks and/or pre-identified fractures, pulp nodules, internal resorption, previous endodontic treatment, and open apices were excluded. The crowns were sectioned approximately 2 mm above the cementoenamel junction to standardize root length and to facilitate the positioning of the samples during micro-CT analysis. The roots were pre-scanned at a 16-μm isotropic resolution using a micro-CT device (XTH225ST; Nikon, Tokyo, Japan) operating at 90 kV and 278 μA, with a 360° vertical rotation axis and a 0.5 mm aluminum filter. The obtained images were reconstructed using the NRecon software v.1.6.9 (Bruker-micro CT) with artifact correction. The samples evaluated in the preoperative period served as a control for the respective postoperative evaluations.
Division of Groups and Preparation of Canals
All canals were explored with a manual K-file #10 (Dentsply/ Maillefer, Switzerland), operating at the true canal length, and the working length was set at 0.5 mm from the apical foramen. The roots were then divided into four groups according to the rotary system used. All systems were used with the same motor (X-Smart Plus; Dentsply, Maillefer, Ballaigues, Switzerland) and a new file was used for each sample. The preparation of the cervical third was performed using the instruments of each system for the intended purpose:
• Protaper next (PTN)-the files were rotated at 300 rpm using a 2.0-N cm torque in the following sequence: SX (35.03) inserted up to two-thirds of the working length and X1 (17.04) and X2 (25.06) at all working lengths. • Wave one gold (WOG)-the wave one gold primary #25.07 sequence was used in a single session at the working length. • Prodesign logic (LOG)-the files were used at 350-800 rpm with a torque of 1.0-4.0 N cm in the following order: #25.01 and #25.06 at the working length with three back-and-forth movements. • Vortex blue (VTX)-operating system with rotation of 500 rpm and torque of 1.3 N cm in the following sequence: 30/04 followed by 25/04 at the working length.
During instrumentation, the canal was irrigated with 2.5% of the sodium hypochlorite solution (2 mL). At the end, the canal was flooded with 17% of the EDTA (F&A Laboratório Farmacêutico Ltda, São Paulo, Brazil), and mechanical agitation was performed with the Easy Clean System (Easy-Equipamentos Odontológicos, Jardinópolis, Belo Horizonte, MG, Brazil), with subsequent irrigation with NaOCl (2.5%), aspiration, and drying with absorbent paper points (Dentsply/Maillefer, Switzerland). The same irrigation protocol was applied to all groups.
Postoperative Micro-CT Analysis
After canal preparation, the roots were re-scanned using micro-CT and the same previously described parameters. The data were saved and the images were exported in the TIFF format into an image analysis software (ImageJ/FIJI software, public domain, National Institute of Health, Bethesda, MD, USA) ( Fig. 1A) , and later saved and exported in the Wavefront Object format using a threshold of 150. Subsequently, the three-dimensional meshes of the same tooth, both pre-and post-instrumentation, were imported into the MeshLab software. Using the point base gluing commanded, the three-dimensional models were overlaid on the same spatial coordinates ( Fig. 1B) and each model was saved into stereolithography (SL) format, being later imported into the Rhinoceros 3D software (Robert Mc Neel & Associates, Seattle, WA) where the root canal mesh was separated from each tooth, respecting the distance of 1-10 mm from the apex. The total volume of the root canal was obtained from this new mesh (Fig. 1C) .
Three cross-sections were made in each mesh at 3 mm (apical third), 6 mm (middle third), and 9 mm (cervical third) from the apex, where the canal area and the smallest distances between the canal lumen and the external root wall were calculated, both for the mesial and distal regions and for the canal area (Figs 2A and  B) . Transportation, canal centering ability, and dentin wear (Fig. 2C ) were calculated from these values, as described by Gambill et al. 13 
Statistical Analyses
The results were presented as mean ± standard deviation (SD) for each variable. The values for dentin removal, centering ability, and canal transportation were inserted into a Microsoft Excel (Microsoft, Redmond, WA, USA) spreadsheet. The Shapiro-Wilk normality test was performed for all variables and groups. After that, either one-way ANOVA with Tukey's post hoc test or Kruskal-Wallis with Dunn's post hoc test was performed to compare the different file systems, whereas repeated-measures ANOVA with Tukey's post hoc or the Friedman test was conducted to compare the values obtained for the canal thirds. All tests were carried out with the Biostat software (v. 5.3, Instituto Mamirauá, Tefé, Brazil), with a 95% significance level (p < 0.05).
results
No significant differences in canal transportation were verified between the groups at 6 mm or 9 mm from the apex. At the apical third, LOG had a smaller mesial deviation when compared with PTN. When the difference among the thirds was accounted for each system, there were significant differences in the WOG group, with deviations of the mesial and distal root canals at the apical and middle thirds, respectively ( Table 1) .
As far as centering ability is concerned, a significant difference was found at the apical and coronal thirds. LOG showed the best centering ability at the apical third and the worst one at the coronal third. When comparing values obtained after instrumentation with VTX and LOG, VTX showed better centering ability at the middle than at the apical third, and LOG showed lower centering ability at the coronal third when compared with the apical and middle thirds ( Table 2) .
The initial internal volume of the root canal was similar between the groups and increased after instrumentation with each system, but without statistical difference among the file systems ( Fig. 3) . Table 3 shows the mean and the standard deviation for tooth wear for each third (apical, middle, and cervical). Results show that all systems caused a greater wear at the coronal third (9 mm), decreasing at the apical one (3 mm), with statistically significant differences. There were differences at the cervical and apical thirds when the groups were compared. PTN and WOG caused greater wear at the coronal third, while LOG showed less dentin removal from the apical third.
dIscussIon
This study evaluated and compared canal transportation, centering ability, and the wear of dentin tissue by four rotary and reciprocating systems in curved canals of lower molars. The images were obtained by micro-CT, which is noninvasive and the gold standard for assessing canal geometry and the efficiency of cast models. 14 , 15 This imaging technique all owed comparing the anatomical structure of the root canal before and after instrumentation.
The null hypothesis that there would be no difference between the systems and the analyzed variables was partially rejected. In the evaluation of canal transportation, no statistically significant differences were found between the files at 6 mm and 9 mm, despite some differences in deviation, corroborating the studies of Carvalho et al. 16 and Saber et al., 17 who also did not find differences among the evaluated systems. In this study, PTN and WOG presented greater deviation from the original canal path, at the middle and apical thirds, compared to VTX and LOG. Changes in the internal canal anatomy may result in iatrogenic defects and/or root fractures 9 , 18 and, more frequently, in the presence of debris and microorganisms in uninstrumented areas, which increases postoperative failure. 19 The images of each third revealed statistically significant differences between LOG and PTN regarding canal transportation at the apical third.
Canal transportation was evaluated considering the changes on the central axis of the root canal after instrumentation. Results
show that all of the systems used caused minimum deviations, but they had active tip design, geometry, diameter, and different types of alloys. PTN and VTX are composed of M-wire alloys. The former has a new design called offset, in which the central mass of the instrument is displaced outside the central axis. 20 -22 The latter shows improvements in its resistance to cyclic fatigue and flexibility. These characteristics may explain the satisfactory results obtained by VTX. LOG also presented better micro-CT results, attributable to its characteristics and composition. It is manufactured using controlled memory wire, whose different phase transformation behavior could be ascribed to its special thermomechanical processing. WOG has the same kinematics as wave one; however, a parallelogram-shaped cross-section with two cutting edges was used, increasing its flexibility, and a new surface heat treatment was carried out. 23 Centering ability was analyzed according to the methodology proposed by Gambill et al., 13 who defined it as the ability of the endodontic instrument to remain on the central axis of the root canal. At the apical and middle thirds, LOG showed better centering ability. At the coronal third, WOG yielded better results, differing statistically from LOG. On the one hand, Saleh et al. 24 showed that the high conicity of reciprocating systems is one of the causes for the lower maintenance of a centered canal, which is at odds with the findings of this study. On the other hand, some authors 16 , 25 , 26 reported that Ni-Ti instruments activated by continuous rotation and/or reciprocation have a greater ability to create more centered preparations, thus, reducing canal transportation. It has also been demonstrated that the use of reciprocating files provides a more conservative preparation than continuous rotation systems because a single instrument is used to shape the root canal, while the rotary system uses a sequence of files. 6 , 27 , 28 The results obtained in this study indicate an increase in volume and diameter of the root canal after instrumentation (p > 0.05), but tissue removal was lower than that which could be considered a potential risk for root fracture. 29 According to Wilcox et al., 30 a dentin tissue removal greater than 40% predisposes the root to fractures, which are more frequent in the mesial roots of lower molars. 31 Sometimes, the increase in volume does not indicate a higher percentage of instrumented areas; instead, it may negatively affect resistance to dental fracture. 7 However, recent results, based on large studies of sections obtained from patients, have shown that there are more tooth extractions after endodontic treatment due to restorative rather than endodontic factors. 10 , 32 When the wear of dentin tissue was analyzed at each third, the systems behaved differently, with less wear by LOG at the apical third, corroborating the results of studies performed with one shape and TFA systems with a constant taper of 0.06, which explains why less dentin was removed when the Reciproc was used. 24 , 33 At the middle and coronal thirds, VTX removed less dentin, followed by LOG, with statistical differences between the systems and thirds. This is an important finding because although canal preparation should be large enough to control infection, coronal enlargement must be carefully performed to avoid root weakening. 34 PTN and WOG removed a greater amount of dentin at the coronal and middle thirds, corroborating the results obtained by Shivashankar et al. 35 with the use of different tapers for PTN files.
lIMItAtIons o f t h I s study
As limitations we have that in addition to being an in vitro study, we did not use experimental prototype simulating hemi-mandible, in this we could approach a little of the clinical conditions, since the roots would be inserted in its alveolus.
conclusIon
Both rotary and reciprocating systems yielded different results for canal transportation, centering ability, and dentin removal at each third, but the changes were not large enough to weaken any of the teeth. 
